The crystal-field (CF) splitting of the 6 H 5/2 Hund's rule ground state of Sm 3+ in the strongly correlated topological insulator SmB6 has been determined with high resolution resonant inelastic x-ray scattering (RIXS) at the Sm M5 edge. The valence selectivity of RIXS allows isolating the crystal-field-split excited multiplets of the Sm 3+ (4f 5 ) configuration from those of Sm 2+ (4f 6 ) in intermediate valent SmB6. We find that the Γ7 doublet and Γ8 quartet are split by ∆
≈ 20 meV which cannot be resolved by band structure calculations. The present experimental value should be used as a starting point for further many-body electronic structure calculations that aim at describing the properties of SmB6.
SmB 6 is an intermediate valent Kondo insulator in which the hybridization of localized 4f electrons and the conduction band (cf -hybridization) leads to the formation of a gap ∆ h [1] [2] [3] [4] [5] of the order of 20 meV [6] [7] [8] [9] [10] [11] . Accordingly, the resistivity increases with decreasing temperature but instead of diverging it reaches a plateau below about 10 K. Surface states could be an explanation for the finite low temperature conductivity [12] [13] [14] [15] [16] [17] [18] [19] and indeed it was theoretically predicted that SmB 6 has all the ingredients, like strong spin-orbit coupling and electrons of opposite parity (d and f ), for being a strongly correlated topological insulator [20] [21] [22] [23] . This prediction initiated many studies like angle-resolved photoelectron spectroscopy (ARPES) [6-11, 24, 25] , scanning tunneling spectroscopy [26] [27] [28] , or de Haas-van Alphen (dHvA) [29] [30] [31] . Yet, despite all these efforts, the exciting question whether these surface states are topologically non-trivial still remains to be answered.
The strong cf -hybridization is also responsible for the intermediate valent character of Sm in SmB 6 . At low temperatures valences of 2.5 to 2.7 have been reported [32] [33] [34] [35] [36] so that the electronic configuration of Sm is described by the Hund's rule ground states of the Sm f 6 (2+) and Sm f 5 (3+) configurations with total angular momenta of J = 0 and 5/2, respectively. The point symmetry of Sm is cubic so that the J = 5/2 multiplet is further split into a Γ 7 doublet and Γ 8 quartet due to the cubic crystal field (CF) whereas the J = 0 and 1 multiplets are not subject to CF splitting [37] .
The surface topology is a bulk property so that it is indispensable to have knowledge of the parities, symmetries and near ground state energy scales of the participating bulk states. [22, [39] [40] [41] [42] but a recent hard x-ray non -resonant inelastic x-ray scattering (NIXS) investigation [43, 44] by some of the authors of the present study reveals that the ground-state symmetry of the Sm 3+ configuration is the Γ 8 quartet. Band structure calculations also suggest energy scales of the order of hundred meV for ∆
(see e.g. [41, 42] ) although the extrapolation of the CF parameters within the REB 6 series suggests a splitting of the order of 15 meV; an extrapolation that is, of course, only valid in diluted systems [45, 46] . Inelastic neutron scattering (INS) is the obvious technique for tackling this problem, but although providing very useful information on SmB 6 , INS has not been successful in finding ∆
. The strong neutron absorption of Sm and B even in double isotopic samples, the superposition of both Sm configurations, and the presence of cf -hybridization cause serious complications. Nevertheless, the following pieces of information have been obtained by INS: The spin orbit transitions 7 F 0 → 7 F 1 and 6 H 5/2 → 6 H 7/2 at ≈35 meV and ≈130 meV have been observed [47, 48] (see near-ground state multiplets in red and blue boxes of Fig. 1 (b) ). At low temperatures a long living spin resonance at about 14 meV shows up in the poly-and single crystalline data [47, 48] at the X and R high symmetry points with a form factor that is not 4f -like [49] . More recent INS data show that the spin resonance with an intrinsic width of about 0.1 meV (FWHM) decays above 30 K and that at low temperatures no magnetic intensity is observed below the energy Inset: experimental, bulk sensitive fluorescence-yield x-ray absorption spectrum (FY-XAS) of Sm M5-edge of SmB6 (black circles), the XAS simulation (gray line) decomposed into 60% Sm 3+ (blue line) and 40% Sm 2+ (red line) spectral weights according to [32] [33] [34] [35] [36] , plus the XAS simulation including self-absorption (brown line) [38] . For graphical clarity the XAS simulations are scaled down by a factor of three. The dots A, B, and C resemble the incident energies ωin used in the RIXS experiment. b) Calculated RIXS spectra ( ωin -ωout) of both Sm valence states (Sm
for the geometry shown in Figure 3 (a) and vertical (σ) polarization of the incident photons. The red, blue, and green boxes next to the RIXS spectra show energy levels on expanded scales so that multiplet as well as expected crystal-field splittings are resolved. Thicker lines stand for higher degeneracies. The splitting ∆
is used for determining ∆
of this resonance which is typical for a spin gap [50] . At 100 K i.e. well above the temperature at which the many body spin resonance disappears, quasielastic magnetic intensity (Γ/2 ≈ 10 meV HWHM) following the Sm 3+ magnetic form factor has been extracted by Alekseev et al. after a very careful intensity examination [51] . This is suggestive of the recovery of the single ion, though broadened, magnetic spectrum, but the size the CF splitting of the Sm 3+ Hund's rule ground state remains undetermined.
The above findings show that the excitations of the Sm 3+ Hund's rule ground state are strongly affected cfhybridization. The impact of the static crystal field of the surrounding ions is masked by other effects. Nevertheless, the impact of the crystal field is present and for modeling a system like SmB 6 quantitatively the relevant energy scales have to be known. Here resonant inelastic x-ray scattering (RIXS) is a promising option [52, 53] . RIXS is not only element, it is also configuration selective. This is well known from studying valences at the rare earth L-edge in the so called partial florescence yield mode [54, 55] . Here we use the configuration selectivity at the M 4,5 -edge (3d → 4f ) to distinguish the excitation spectra of the two Sm configurations. Figure 1 shows the M 5 -edge RIXS process for SmB 6 . The initial state configuration is an admixture of Sm 2+ : 3d 10 4f 6 (red) and Sm 3+ : 3d 10 4f 5 (blue). The resonant absorption of an ≈1090 eV x-ray photon at the M 5 edge (3d 5/2 → 4f ) creates a core hole. In this intermediate state the absorption lines of the two configurations are split in energy due to the different impact of the core hole potential on either configuration. Finally, in RIXS spectroscopy the intensity of the photons emitted by the resonant radiative decay is monitored as a function of the outgoing photon energy ( ω out ) so that energy transfer spectra can be measured. In principle the decay process in the RIXS process of SmB 6 yields the superposition of two multiplet spectra (see simulations of two independent configurations in Fig. 1 (b) ) but the choice of the incident photon energy ω in along the XAS edge allows enhancing the signal of one of the two configurations. More specifically, the signal of the higher valence state can be strongly enhanced so that an almost pure Sm 3+ multiplet spectrum can be obtained when choosing an incident energy high enough so that the Sm 2+ contribution in the intermediate state is small (see green dot in XAS spectrum at energy C). In contrast, a smaller incident energy (e.g. A -orange dot) gives rise to almost no I n t e n s i t y ( r e l . u n i t s )
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FIG. 2. (color online) (a) RIXS data of SmB6 for incident
energies ωin A, B, and C as defined in Fig. 1 (a) . (see Fig. 3 , left, for the scattering geometry). 
contribution of Sm
3+ and only signal of Sm 2+ , however, the multiplets at higher energy transfers have no crosssection because they require larger incident energies due to selection rules. It is possible to resolve the CF splittings in a RIXS experiment because the large life time broadening of the intermediate state does not enter, i.e. the life time broadening in RIXS that matters is that of the intra-valence band or crystal-field excitations.
Figure 1 (b) shows calculation of RIXS spectra for pure Sm 2+ (red) with ω in =B and pure Sm 3+ (blue) with incident energy ω in = C (see XAS spectra in the inset). These incident energies have been chosen to provide appreciable intensity for all the RIXS excitations in the range 0 to 4 eV. The photon-in photon-out RIXS process yields the selection rule ∆J = 0, ±1, ±2 so that multiplets with J = 0, 1, 2 (for Sm 2+ ) and J = 1/2, 3/2, 5/2, 7/2, and 9/2 (for Sm 3+ ) are accessible, the latter ones being so weak that they are not shown. In the cubic point symmetry of SmB 6 only multiplets with J ≥ 2 are CF split (see enlarged regions of mulitplets in dashed boxes). Apart from the valence selectivity, another advantage of RIXS is that the transferred energy is, in contrast to INS, practically unlimited, i.e. with RIXS we can study higher lying multiplets instead of the strongly hybridized Hund's rule ground state of Sm 3+ (blue box in Fig. 1 (b) ). We will show that we can take advantage of the CF effect on the 4 G * 5/2 multiplet at about 2.4 eV (see the green box in Fig. 1 (b) ). The asterisk indicates that due to the particularly strong intermultiplet mixing acting on this level, L is no longer a good quantum number so that the multiplet labeling is not strictly valid. The total angular momentum J = 5/2, however, remains a good quantum number for CF splittings smaller than the SO splittings. 4 (approximately double) so that the CF splitting is larger and less hampered by the limited energy resolution at the Sm M 5 -edge. In addition, the signal is free of the strong tail of the elastic peak (at 0 eV) and of the signal from other low energy excitations.
The M -edge RIXS experiment at 20 K on aluminum flux grown single crystals of SmB 6 [16] was performed at the ERIXS spectrometer of the ID32 beamline [57] at the European Synchrotron Radiation Facility (ERSF), Grenoble, France with a resolution of 45 meV at the Sm M 5 -edge (≈ 1090 meV). The acquisition time was about 5 hours for each spectrum (only 3 hours for the spectrum B in Fig. 2) . The samples were cleaved insitu. The instrument 45 meV-FWHM Gaussian response function was estimated by measuring a carbon tape. Simulation were performed with the full multiplet code Quanty [58, 59] . Atomic parameters were taken from the Cowan code [60] , the reduction factor r 4f −4f = 0.86 of the Slater integrals is determined by the energy positions of the multiplet excitations (see Fig. 2 c) . The reduction factor r 3d−4f affects only slightly the relative intensities of the RIXS peaks. The value r 3d−4f = 0.86 provides a very good fit of the relative RIXS intensities and XAS data. These values are in agreement with those in Ref. [43] The inset of Fig 1 (a) shows the bulk-sensitive experimental fluorescence-yield XAS (FY-XAS) data of the Sm M 5 -edge of SmB 6 at 20 K, with the photon polarization parallel to the 100 direction (black line). In order to assure we measured SmB 6 , these data have been simulated by calculating an XAS spectrum (gray line) containing Sm 3+ (40% ) and Sm 2+ (60%) spectral weights according to the SmB 6 valence at low T [32] [33] [34] [35] [36] . Then selfabsorption effects were included in the simulation (see brown line) [38] and compared with the FY-XAS data. Note, for reasons of graphical clarity the XAS data have been rescaled by a factor of three. The orange, purple and green dots marked A, B and C indicate the incident energies that were used for the RIXS experiment. Figure 2 (a) shows the RIXS spectra at T = 20 K up to 3 eV taken with the three different incident energies ω in = A,B, and C with horizontal polarization (π) of the incident photons, 2Θ = 90
• , θ = 37.3
• and two crystallographic directions lying in the scattering plane (see inset in Fig. 3 ). The three spectra in Fig. 2 (a) show the energy dependence of the RIXS signal. ω in = A corresponds to the pre-edge region where the 3d → 4f absorption process is dominated by the ground state of Sm 2+ 4f
6 whereas at ω in = C the absorption arises mainly from the 4f 5 ground state of Sm 3+ . Energy B is inbetween, i.e. the RIXS spectrum shows features characteristic of both valences but is not simply the superposition of spectrum A and C because of the incident energy dependence of the accessible excitations. This is why the spectrum with ω in = A only shows intensity in the low energy region, where the broad, unresolved shoulder on top of the elastic tail must be due to the intermultiplet transitions within the 7 F multiplet of Sm 2+ (compare red box in Fig. 1 (b) ). Figure 2 (b), shows full multiplet RIXS calculations for Sm 2+ (dotted red lines) and Sm 3+ (solid blue) for the two incident energies B and C that best enhance the excitations of the two valences, respectively, plus the Sm 2+ intensities for ω in = C (red line). The comparison with the experimental data shows unambiguously that spectrum C resembles almost purely Sm 3+ multiplets, whereas the data with ω in = B contain both. These simulations confirm that M -edge RIXS is configuration selective for excitation spectra of the higher valence state when working with sufficiently high incident energies.
The top of Fig. 3 show the experimental RIXS data of the 4 F 3/2 and 4 G * 5/2 multiplets at around 2.4 eV energy transfer, corresponding to the energy range of the green box in Fig. 1 (b) . Note, the multiplet 4 F 3/2 is not affected by the CF because of J < 2 but a finite CF splits the 4 G * 5/2 multiplet into two levels. The data were taken with incident photon energy ω in = C and horizontal (π) polarization. Two different scattering configurations (with 2θ = 90
• , left, and 150
• , right) were used, in order to take advantage of the cross-section dependence on the scattering geometry. , positive numbers refer to a Γ8 and negative numbers to a Γ7 ground state (compare Fig. 1 (b) ). Note, ∆
= 0 (green lines) shows two main peaks, the 4 G * 5/2 multiplet and the 4 F 3/2 about 80 meV higher in energy. The dotted and solid lines correspond to the same CF simulation, the former has been calculated with an unrealistic small resolution that shows the details of the splittings, and the latter with the experimental Gaussian resolution of 45 meV. For CF splitting of less than 40 meV the intermixing of the two multiplets is negligible and we find ∆
is about 2.2 times larger than ∆
for given CF parameter. When comparing the peak ratios of the simulated spectra with the peak ratios of the data we find the valley between the two peaks is far too pronounced for negative values of ∆ CF . For positive values of ∆
between +10 to +30 meV, simulation and data agree reasonably well, whereby the peak ratios in Fig. 3 (a) and (b) are best reproduced for ∆ CF 6 H 5/2 = +20 meV (see thick blue lines). For splittings of +40 meV and larger the simulated spectra look very distorted due to strong multiplet intermixing. We therefore conclude that the 6 H 5/2 Hund's rule ground state of Sm 3+ in SmB 6 is split by about +20 meV with the Γ 8 quartet being the ground state. The present RIXS result agrees surprisingly well with the CF splitting that is expected from the extrapolation within the REB 6 series [45] and questions the predictive power of band structure calculations for SmB 6 . The result also explains the lineshape of the lowest f state signal as measured in photoemission [11] ; we can now propose to describe it in terms of two Lorenzian lines, one twice as strong as the other according to a Γ 8 quartet ground state and a Γ 7 excited doublet, that are about 20 meV apart. Furthermore, the present data confirm the nonresonant inelastic x-ray scattering result of SmB 6 that also finds a quartet ground state [43, 44] . The finding that hybridization gap and CF splitting are comparable (∆ h ≈ ∆ of the Γ 8 and Γ 7 state should now be the starting point for many-body electronic structure calculations for further modeling the properties of this interesting system.
We summarize: The configuration selectivity and access of high energy transfers in RIXS has been used to determine the CF splitting of the Sm 3+ Hund's rule ground state in SmB 6 . The CF parameters have been obtained from a high lying multiplet at about 2.4 eV that has the same total angular momentum J as the ground state multiplet 6 H 5/2 . We find that the crystal field splits the Hund's rule ground state by about 20 meV. 
